Background: Vitamin D plays critical role in the female reproductive system. It seems that vitamin D is associated with clinical pregnancy outcomes of assisted reproductive technologies (ART), but its role remains elusive. This study is aimed to establish whether vitamin D is associated with clinical outcomes of in vitro fertilization (IVF). Methods: The cross-sectional study was carried out from January 1st 2017 to December 31st 2017. A total of 848 patients who had indications for IVF were enrolled. The patients were classified by serum 25 (OH) D quartiles. The outcome parameters of IVF were compared in each group, including normal fertilization rate, high quality embryo rate, clinical pregnancy rate, implantation rate and live birth rate.
Background
Vitamin D is a fat-soluble steroid hormone. It has an important role in Calcium-Phosphate (Ca-P) homeostasis and bone metabolism [1, 2] . Vitamin D comes mainly from sunlight. Only a small amount comes from diet. Vitamin D deficiency has been emerging in recent two decades among all racial groups [3] . Vitamin D insufficiency is endemic because of poor sunlight exposure, lifestyle, use of sunscreens, low dietary intake, and/or increased body mass index (BMI) [4, 5] . Vitamin D deficiency has been considered a public health problem in all over the world. Low vitamin D concentrations have been associated with an increased risk of many chronic diseases, including autoimmune disease, diabetes, cardiovascular disease, obesity and cancer [6] . Recently, poor vitamin D status verified in 20-52% of women of reproductive years, suggests that vitamin D has an important role in female reproduction [7] [8] [9] .
Vitamin D exerts effect by binding with the nuclear vitamin D receptor. Vitamin D receptors have been identified in many tissues, including the ovary, uterus, placenta and the pituitary [10] . These data indicate that vitamin D may be an important regulator of the reproductive system. The importance of vitamin D in reproduction is evident from animal studies. Vitamin D deficiency could cause uterine hypoplasia, reduced fertility, hypogonadism and impaired folliculogenesis [1, [11] [12] [13] . In humans, vitamin D has an important role in placental function [14] . Vitamin D deficiency is associated with poor placentation, fetal growth restriction, gestational hypertension and pre-eclampsia [14] . In addition, vitamin D plays critical role in oocyte development, ovarian steroidogenesis, production of anti-Mullerian hormone (AMH), endometrial receptivity, and others [15, 16] . It was supposed that vitamin D is associated with clinical outcomes of assisted reproductive technologies (ART).
So far, there were many studies investigating the association between vitamin D level and the clinical outcomes of ART, but the data are inconclusive. Some studies found that vitamin D could improve the outcomes of ART [17] [18] [19] [20] [21] [22] [23] [24] . In contrast, other studies reported that vitamin D has no effect on the outcomes of ART [25] [26] [27] [28] [29] [30] . Hence, the role of vitamin D in ART is still unclear. To solve this problem, we set up a large retrospective cross-sectional study to evaluate the association between serum levels of 25(OH) D and outcomes of ART in Chinese women.
Methods

Trial design and participants' characteristics
This was a retrospective cohort study. We have retrospectively reviewed the data of all patients, who underwent their in vitro fertilization (IVF) cycle at Yantai Yuhuangding Hospital from January 1st 2017 to December 31st 2017. The study protocol was approved by the Ethical Committee of Yantai Yuhuangding Hospital. The study conformed to the "Declaration of Helsinki for Medical Research involving Human Subjects". Patient characteristics and cycle parameters were obtained from patient medical records.
Only one IVF cycle of each patient was selected within the study time frame. None of the patients received vitamin D supplements. Patients were excluded if they were diagnosed with premature ovarian in sufficiency or if they were treated with intracytoplasmic sperm injection (ICSI) or rescue ICSI (R-ICSI). To avoid confounders, women whose plasma total 25 (OH) D measurements exceeded 4 weeks prior to entering their IVF cycle were excluded from the study, since the season impacts on the serum 25 (OH) D concentrations in Yantai.
Procedure of IVF
All patients undergoing IVF cycles receive luteal phase gonadotrophin-releasing hormone (GnRH) agonist protocol or GnRH-antagonist protocol. In luteal-phase gonadotrophinreleasing hormone (GnRH) agonist protocol, low-or regulareuprolide was used to make pituitary desensitization beginning in the luteal phase. In GnRH-antagonist protocol, GnRH-antagonist ganirelix was used when the dominant follicle reached 12 mm in diameter, estradiol concentrations were>150 pg/ml and/or luteinizing hormone concentrations were >10 IU/L. During gonadotrophin stimulation, serum estradiol, progesterone and luteinizing hormone, follicle size measurements, and endometrial thickness were monitored until the day of human chorionic gonadotropin (hCG) trigger injection. When two leading follicles reached a mean diameter of 18 mm, hCG was given to trigger ovulation. Oocytes were retrieved transvaginally 34-36 h after hCG administration. IVF was performed. Ultrasound-guided fresh embryo transfer was performed on the third day after oocyte retrieval, and excess viable embryos were cultured to blastocyst stage and cryopreserved for subsequent frozen embryo transfer (FET) cycles. The number of embryos transferred was one or two depending on the number of available embryos. Fresh embryo transfer was cancelled if the embryo and endometrium were not synchronous or women had a high risk of ovarian hyperstimulation syndrome and factors seriously affecting embryo implantation. The obtained embryos were graded depending on published criteria [31] . The embryos of grade 1 or 2 were considered as high-quality embryos. The luteal phase was supported with 200 mg progesterone (Utrogest™ 200, Besins-Iscovesco, France) vaginal medication three times daily from the day of oocyte retrieval. A quantitative pregnancy test (serum β-hCG based) was performed on the 14th day after embryo transfer. In terms of pregnancy, a transvaginal ultrasound was performed after 4 weeks from the embryo transfer. Clinical pregnancy was confirmed if the fetal heartbeat was observed by transvaginal ultrasound. Live birth was defined as the birth of a neonate.
Serum 25 (OH) D measurement
Total 25 (OH) D was measured before entering IVF cycle. The measurement of total 25 (OH) D levels was performed using a chemiluminescence immunoassay (DiaSorin). The intra-and inter-assay coefficients of variations were 10 and 15%, respectively.
Serum and follicular fluid (FF) collection and 25 (OH) D measurement
Sixty-two serum samples were obtained on the oocyte retrieval day and were kept frozen at − 80°C. FF had been also collected from the same 62 patients. FF aspiration was performed from the first follicle on oocyte retrieval day. FF was centrifuged at 3000 g for 10 min. The supernatant was stored at − 80°C for subsequent assay. Serum and FF 25 (OH) D levels were measured by a chemiluminescence immunoassay (DiaSorin).
The levels of serum vitamin D varied significantly in different seasons because of the different exposure to sunlight (Additional file 1: Table S1 ) [32] . Therefore, the season of blood drawing was included in the study. Each season lasted 3 months: Spring: February 1-April 30; Summer: May 1-July 31; Autumn: August 1-October 31; Winter: November 1-January 31.
Study design
All patients were assigned to quartiles depending on the levels of vitamin D before entering the IVF cycle. The demographic and reproductive characteristics were calculated by descriptive statistics according to quartiles of vitamin D concentrations. We evaluated the association of serum 25 (OH) D concentrations in quartiles and treatment outcomes of IVF cycle while adjusting for potential confounding factors.
Main outcome measures
The primary outcome was clinical pregnancy rate. It was defined as the presence of an intrauterine sac confirmed by ultrasound at 6 weeks of gestation. Secondary outcomes were: live birth rate, implantation rate and (2 PN) fertilization rate.
Statistical methods
The continuous variables were presented as mean ± SD, and the proportions were presented as percentages. The Kruskal-Wallis test was used for continuous variables. The chi-square test was used for categorical variables.
Receiver operating characteristic (ROC) curves were used to analyze the predictive value of serum vitamin D levels on clinical pregnancy rate, live birth rate and fertilization rate. Low fertilization rate (LFR) was defined as normal fertilization rate below 30% as it was a clinical standard for ICSI to promote normal fertilization rate. Spearman's test was used to evaluate the correlation between serum vitamin D levels and FF vitamin D levels.
A univariate and multivariate logistic regression analysis was applied to analyze the relationship of vitamin D and clinical outcomes of IVF. The variables that were evaluated as potential confounders included: age, BMI, AMH, type of infertility, previous pregnancy, seasons when samples were taken, the type of treatment protocol, duration of stimulation, E 2 levels on the day of hCG, number of oocytes retrieved, number of mature oocytes, the percentage of top quality embryos, endometrial thickness, serum progesterone levels on the day of hCG and the number of embryo transferred.
The data were analyzed by use of the SPSS-12.0 software. P<0.05 was considered to be statistically significant. 
Results
Overall, 848 patients were included in this study ( Fig. 1 Table S1 ). Vitamin D status was not associated with age, infertility diagnosis, duration of infertility, previous pregnancy, stimulation protocol, ovarian stimulation parameters (duration of stimulation, peak estradiol levels, progesterone on HCG day, endometrial thickness or number of mature oocytes, as noted in Table 1 ), high quality embryo rate, blastocyst formation rate or number of embryos transferred (p>0.05). 25 (OH) D concentrations were inversely related to the number of larger follicles (≥16 mm on HCG day) and number of oocytes, though this difference was not statistically significant (p = 0.083 and p = 0.078, respectively). However, the levels of vitamin D were positively related to normal fertilization rates (p = 0.007). A similar relationship was observed between vitamin D status and the fertilization rates (P<0.001) after adjusting for potential confounders (age, BMI, AMH, type of infertility, previous pregnancy, seasons when sample were taken, the type of treatment protocol, duration of stimulation, E 2 levels on the day of hCG, number of larger follicles, number of oocytes retrieved and number of mature oocytes).
To further determine the effect of vitamin D on fertilization, we compared vitamin D levels in patients treated with IVF and R-ICSI. We found that serum vitamin D levels were significantly higher in patients treated with IVF than R-ICSI (p = 0.013) (Fig. 2) . In addition, we observed the relationship of follicular fluid vitamin D levels and serum vitamin D levels.
The results showed that FF vitamin D levels were positively correlated with serum vitamin D levels (r = 0.85, p < 0.001). The levels of FF vitamin D were significantly higher than the levels of serum vitamin D (P < 0.001) (Fig. 3) . Table 2 depicts the patient and IVF cycle characteristics by pregnancy outcome. Live birth was associated with age (P<0.001), stimulation protocol (p = 0.027), endometrial thickness (P = 0.002), number of oocytes retrieved (p = 0.02), number of mature oocytes (p = 0.024) and high quality embryo rate (p = 0.001). AMH, peak estradiol, number of larger follicles and embryos transferred were greater in the live birth group, but they did not achieve statistical significance. Only age (P<0.001) and endometrial thickness (P = 0.008) were significantly associated with clinical pregnancy. The number of larger follicles, oocytes and embryos transferred were higher in the clinical pregnancy group, but they did not achieve statistical significance.
As shown in Table 3 , serum 25 (OH) D levels were not related to clinical pregnancy rates, implantation rates, abortion rates and live birth rates. Results though were similar after adjusting for potential confounding factors (age, BMI, AMH, type of infertility, previous pregnancy, seasons when samples were taken, the type of treatment protocol, duration of stimulation, number of oocytes retrieved, endometrial thickness, serum progesterone levels on the day of hCG and the number of embryo transferred). The predictive value of vitamin D regarding normal fertilization rate, pregnancy rate and live birth rate were analyzed by ROC curve (Fig. 4) . After analyzing the ROC curve, optimal sensitivity and specificity at the cutoff point (14.1 ng/ml) were found to be 49.8 and 85.7% for the fertilization rate. The area under the ROC curve for vitamin D was 0.674 (p = 0.0007). However, for pregnancy rate and birth rate, the area under the ROC curve was 0.521 and 0.523 respectively, demonstrating poor performance for the prediction of pregnancy and live birth.
Discussion
In this large retrospective cross-sectional study, 848 women underwent 848 IVF cycles. The serum 25 (OH) D concentrations were between 4.92 and 39.51 ng/ml. The median 25 (OH) D concentration was 15.25 ng/ml. Serum vitamin D levels significantly vary in different seasons because of the different exposure to sunlight. Serum 25 (OH) D levels were higher in autumn than other seasons, and the lowest level occurred in spring (Additional file 1: Table S1 ).
This study investigated the association between vitamin D and outcomes of IVF. Our results indicate that vitamin D was positively related to normal fertilization rate. Women in the highest quartile of vitamin D had a 5.81% higher normal fertilization rate than women in the lowest quartile. Moreover, serum vitamin D levels were significantly lower in patients treated with R-ICSI than those with IVF. FF vitamin D levels were positively correlated with serum vitamin D levels and were significantly higher than the levels of serum vitamin D. Therefore, we believe that vitamin D can affect fertilization. However, the role of vitamin D in fertilization remains unclear. As we all know, the process of fertilization includes two key steps: the interaction and penetration of the sperm to the zona pellucida, the fusion of the sperm and the oocyte membranes and triggering oocyte activation. In this study, we found these oocytes could be actived and could form embryos after R-ICSI. Therefore, vitamin D could affect fertilization by altering the capacity of interaction and penetration of the zona pellucid by the sperm. Some researchers found that vitamin D had effect on the development of follicle [24] . It may have been speculated that more 25 (OH) D are responsive to improve oocytes to reach a more mature stage prior to oocyte retrieval, resulting in a greater capability to achieve fertilization by improving the sperm interaction and penetration of the zona pellucida.
Our result of a positive relationship of vitamin D and normal fertilization rates is in accordance with previous works [33, 34] . In contrast, two studies showed an inverse association between 25 (OH) D and fertilization rates among women undergoing infertility treatment [26, 35] . However, these data of Aleyasin et al., are difficult to explain in the Iranian study because all participants were vitamin D deficient, except for one [26] . Though serum and FF vitamin D are strongly related to each other (Fig. 3, [26] ), Ciepiela et al., evaluated vitamin D levels only from the dominant follicle [35] . Moreover, the sample size of the study was very small [35] .
In addition, the levels of vitamin D were inversely related to BMI, AMH, peak estradiol levels, the number of larger follicles and oocytes, though this difference was not statistically significant in our study. There was a trend for worsening vitamin D status with increasing AMH, causing the increase of large follicle and oocytes. FF vitamin D levels [37] . Compared with women with sufficient FF 25 (OH) D levels, those with insufficient/deficient levels had a 2-fold increase in AMHR-II mRNA levels in cumulus GCs. Treatment with vitamin D3 caused a decrease in AMHR-II [37] . These data suggest that vitamin D alters AMH signaling in human cumulus GCs and plays a role in follicle development. Our study suggests that there were no association between serum 25 (OH) D and clinical pregnancy or live birth. This is in agreement with the majority of studies [26] [27] [28] [29] [30] 33] . However, others have reported positive [17] [18] [19] [20] [21] [22] [23] [24] as well as inverse associations [25, 35] between 25 (OH) D and clinical pregnancy. Therefore, whether vitamin D has a role in the outcomes of ART requires further random cohort studies to clarify. Perhaps a prospective randomized control trial would be able to remove biases and give stronger answers.
Even if our study is retrospective, there are still several strengths. The primary strength is the large number of participants. There were only 59-202 patients in previous reports [19, 25, 26, [33] [34] [35] [36] , while we observed 848 patients. Furthermore, the population in our study was homogeneous. They were all of Chinese origin. In previous papers, the population was various including Iranian [26, 27] , Greek [25] and highly diverse American patients [19] . In this study, race is relevant, since it affects the relationship between vitamin D status and pregnancy rates after IVF [17] . Another strength of this study is that we excluded couples with moderate and severe male factor. We evaluated only patients undergoing IVF to minimize the role of spermatozoa affecting embryo development. In contrast, in some studies, the indications for IVF/ ICSI were not mentioned in papers [19, 25, 26] . While in other studies, 58-65% of couples had male factor [27] .
Some limitations of this study must be considered though. Firstly, this study is a retrospective observational study, we cannot exclude all confounding factors. However, we adjusted the potential confounding factors for a wide range to provide reassurance of the validity of our findings. Secondly, we did not measure the vitamin D levels of couples, since serum 25 (OH) D correlates within the partners of infertile couples [38] . Moreover, we excluded couples with moderate and severe male factor and evaluated only patients undergoing IVF to minimize the role of spermatozoa affecting embryo development. Thirdly, we did not measure the vitamin D levels at the same points of IVF cycle. However, we evaluated vitamin D levels before entering the IVF cycle. To prevent confounders, women whose plasma total 25 (OH) D measurement exceeded 4 weeks prior to entering their IVF cycle were excluded from the study.
Conclusions
In summary, we found that vitamin D was positively related to fertilization rate. However, vitamin D was unrelated to clinical pregnancy or live birth in this retrospective cohort study. In this study, patients had serum 25 
